Abstract-Recently, the smart antenna (a blind adaptive antenna array) has brought much attention to its ability to improve the future code-division multiple-access (CDMA) wireless communications systems. However, Adachi et al. 
I. INTRODUCTION

S
MART antenna applications of a direct-sequence code-division multiple-access (DS-CDMA) wireless communications system have received much attention recently, because a smart antenna can suppress the interfering signals whose direction of arrival angles (DOA) are different from that of the desired signal [1] , [2] . A smart antenna can reduce the required signal-to-noise power ratio (SNR) for traffic channel data demodulation. In this paper, the interference at a desired user finger demodulation is treated as additive white Gaussian noise (AWGN). The noise represents the thermal noise plus interference. This assumption is valid when the number of multiple-access users and the number of resolvable multipaths are sufficiently large [3] . Independent AWGN is assumed per antenna element.
So far, there has been less attention to the pseudonoise (PN) code acquisition of a DS-CDMA system when a smart antenna is employed at a base station. The PN code acquisition may be difficult when the weight vector does not match the array response vector of the desired signal's DOA. Therefore, currently only one element output out of array elements is used in an existing system for PN acquisition purpose [1] , [2] . Manuscript The mobiles may transmit signals with low power because of a high smart antenna gain at a base station, and the received signal-to-noise ratio (SNR) at a base station may not be sufficient for PN code acquisition if only one element is employed. A goal of this paper is to exploit the benefits of a smart antenna for PN code acquisition as well as data demodulation. An efficient PN code acquisition scheme using all elements of a smart antenna is proposed. The performance of the proposed scheme is theoretically analyzed and simulated in terms of detection probability and average acquisition time under additive white Gaussian thermal noise (AWGN) and Rayleigh mobile fading environments.
Section II describes a system model for the proposed acquisition scheme. Section III presents a theoretical PN code acquisition analysis by assuming a perfect smart antenna for an upper bound result. Section IV compares simulated results with analysis. Section V concludes this paper. Fig. 1 shows a block diagram of the proposed PN code acquisition scheme for a DS-CDMA with a smart antenna. Each branch in Fig. 1 , e.g., , , , , , and , represents a complex signal of the in-phase (I) and quadrature-phase (Q) components. The weight vector of the smart antenna is updated with a normalized least mean square (NLMS) algorithm, which takes only 5 computations per snapshot where is the number of array elements [4] . The update rate can be sufficiently smaller than a chip rate of 1.2288 Mcps. All array elements are employed for a PN correlation searcher, while only one element is employed in the existing literature [1] , [2] . It is assumed that the linear array antenna elements are identical and have the same response to any direction. This assumption is reasonably valid for the zero beam spread angle and the antenna spacing of one-half of the carrier wavelength, and has appeared in many publications [5] - [11] . The zero beam spread angle model fits well into a macrocellular system because of the high antenna height at a base station. The array response vector can be written as (1) where is the DOA from the desired user signal and denotes the transpose. The received signal at the th element can be written as (2) 0018-9545/03$17.00 © 2003 IEEE for where is the received signal power, and are the fading amplitude and fading phase, respectively, is information data, is the PN spreading sequence, and are the angular carrier frequency and phase, respectively, is a chip interval, and is a PN code phase offset from a reference, which is assumed to be a random integer uniformly distributed between zero and , the PN code sequence search range. A simplified search, which shifts the trial PN code sequence by , is considered in this paper for simplicity. For a complete search, the phase of the PN code can be shifted in a fraction of chip interval, but it takes a long simulation time. In addition, a single dwell is assumed for simplicity [3] . The proposed scheme can be applied for a complete and multidwell PN code search too. The in (2) represents an AWGN bandpass noise including interference at the th element, and it is assumed to be independent of those at other antenna elements. The PN spreading sequence is written as (3) where with equal probability and is a rectangular shape pulse with unit amplitude and duration . Carrier synchronization is not assumed because noncoherent PN code single dwell serial search is employed [3] . Also, assume that a pilot channel is used instead of pilot symbols, i.e., for all time as the pilot channel in cdma2000 [12] . Then, the equivalent baseband signal at the th element can be written as (4) where is a complex AWGN with mean zero and variance 2. The output of filter is sampled at chip rate and the samples written as (5) where and denote the chip index and chip energy, respectively. All antenna element outputs can be written in a vector form as (6) where we have (7) as shown at the bottom of the page. Assume an observation interval of for a PN code phase shift. The received PN sequence vector and the locally generated PN sequence vector are, respectively, written as (8) and (9) (7) Fig. 2 . Flowchart of the proposed PN code acquisition scheme for a DS-CDMA system with a smart antenna.
II. SYSTEM MODEL
for the first observation interval, where is the estimated PN code phase. Energy is accumulated every chip at each branch after PN despreading. The accumulator output at for the th branch can be written as (10) where for the first observation interval. The in (10) represents modulo for other observation intervals. The adaptive beamformer starts updating weight vector adaptively at and ends updating at for the first observation interval. The normalized LMS algorithm in [4, pp. 437 ] is employed to update the weight vector. [See also (5) in Fig. 2 .] This weight vector adaptation is performed every observation interval of s. The input to the weight vector adaptation processor is written as (11) The last weight vector in an observation interval, which is regarded as a best weight vector , is used to generate a spatial correlation output with the last accumulation output in Fig. 1 . The antenna array spatial correlation output can be written as (12) where stands for Hermitian, , and
The final decision variable is written as (13) If is larger than a threshold, a PN code acquisition is declared and the tracking loop is triggered for a single dwell serial search. Otherwise, the acquisition scheme shifts the locally generated PN code phase, and the searcher continues until a correct PN code phase is claimed. Fig. 2 shows the flowchart of the proposed PN code acquisition scheme for a DS-CDMA with a smart antenna. It outlines the process and adaptation algorithm of the proposed PN code acquisition scheme.
III. ANALYSIS
A. AWGN Channel (No Fading)
This case implies and for all in the above equations.
1) When PN Code Is Synchronized, i.e., : For a theoretical analysis, we set the perfect weight vector equal to the array vector in (1) when PN code is synchronized. In other words, we assume that the smart antenna can track the DOA of the desired user signal perfectly as (14) during the end period of an observation interval, when PN code is synchronized. In practice, a smart antenna cannot track perfectly the DOA of the desired user. The ideal case in (14) provides an upper and lower bound of detection probability and average acquisition time , respectively. Substituting (14) into (12) Similarly, we can show that the real and imaginary parts of , and , are statistically independent Gaussian random variables with the mean equal to zero and the variance equal to 2. The final decision variable is a central chi-square random variable [3] , and its probability density function can be written as (19) Let denote a threshold for a single dwell serial search. Then, false alarm and detection probability can be respectively computed as (20) and (21) where .
B. Rayleigh Fading
Assume a slow Rayleigh fading so that the amplitude as well as the phase remain constant over each observation time . Then and can be written as (22) (23) where and are constants. We can show that the real and imaginary parts of , and , are statistically independent Gaussian random variables with the mean equal to and zero, respectively, and the variance equal to . The final decision variable is a noncentral chi-square distribution, and its conditional probability density function can be written as (26) where , , is the zeroth order modified Bessel function of the first kind, and is Rayleighdistributed with its probability density function as (27) where is the fading channel power. The probability density function of under synchronization is (28) where . Equation (28) for a smart antenna of multiple elements is close to [3, (3A.27), pp. 75] for a single antenna element case. The only differences between the two cases are in noise variance and signal power.
2) When PN Code Is Not Synchronized, i.e., : Assume that the beamforming direction of a smart antenna is different from the DOA of the desired user signal . This is true in general when the PN code is not synchronized. Assume that the weight vector can be written as (29) without loss of generality. Substituting (29) into (12) and considering , we may rewrite as
The real and imaginary parts of , and , can be shown to be statistically independent Gaussian random variables with the mean equal to zero and the variance equal to 2. The final decision variable is a central chi-square random variable, and its probability density function can be written as (31) Let denote a threshold for a single dwell serial search. Then, false alarm and detection probability can be respectively computed as (32) and (33) where .
C. Average PN Code Acquisition Time
The acquisition time can be expressed in terms of detection probability and false alarm probability for a single dwell serial search as (34) where is the size of the PN code phase search range, the unit of is , and is the penalty factor that is fixed [13] . Thus, if and are determined, average acquisition time can be calculated from (34). Also, a lower bound of can be obtained by using the upper bound of in (21) and (33) for a given .
IV. NUMERICAL RESULTS
Simulation has been done for , the number of antenna elements and , the PN code phase search range size , , , , bit rate bits s and chip rate 10 chips s. Penalty factor was assumed. Threshold was chosen to guarantee , and one sample per chip was taken for simulation. Jakes' fading model was used for fading environment [14] . Fading channel power , mobile velocity mi h and carrier frequency MHz were chosen for the fading case. Spreading factor and were used, where is information bit energy. No error correction coding was used. Fig. 3 shows the theoretical upper bound and simulated detection probability for and cases under AWGN environment. At , the and case simulation results show 3.5-and 5-dB improvement in SNR, respectively, compared with the case. Fig. 4 shows the corresponding theoretical lower bound and simulated average acquisition time under AWGN environment. At 10 , the and cases can improve 2.4 and 3.6 dB in SNR, respectively, compared with the case. We case. Fig. 6 shows the corre- sponding theoretical lower bounds and simulated average acquisition time under fading environment. At 10 , the and cases can improve 2.7 and 3.8 dB in SNR, respectively, compared with the case. Therefore, when a base station employs the proposed PN code acquisition with a smart antenna, a random-access user may transmit a signal with smaller power than the single antenna case. Interference can be reduced and capacity of the system increased.
V. CONCLUSION In this paper, an efficient PN code acquisition scheme was proposed for a DS-CDMA wireless communications system that employs a smart antenna at a base station. All array element outputs were used to improve the performance of PN code acquisition in this paper while only one element output was used in an existing PN code acquisition scheme [1] , [2] . The performance of the proposed scheme was theoretically analyzed and also simulated in terms of detection probability and average acquisition time under AWGN and Rayleigh mobile fading environments. Theoretical bounds and simulation results indicate that the proposed PN code acquisition scheme can improve performance by 40% in PN code acquisition time or by at least 3 dB in SNR to achieve the same detection probability when elements are used. The proposed PN code acquisition scheme can be applied for other PN search, e.g., a double dwell serial and complete search. The performance for other searches will be studied in future.
